We constructed an equalized cDNA library from Arabidopsis inflorescence shoot apices including inflorescence meristem, floral meristem and flower tissue collected before stage 5 of flower development. The cDNA clones were arrayed on membranes and were differentially screened using cDNA pools from vegetative and inflorescence tissues as probes. Each clone was classified by expression specificity and expression level. By removing the clones that displayed hybridization signals, 384 out of 3264 clones in this library remained as candidates for inflorescence-specific mRNAs expressed at low levels. Sequence analysis of all selected clones indicated that 53 were identical and 120 were homologous to genes in public protein databases. The remaining 211 selected clones had no significant amino acid sequence similarities with those deduced from any reported genes, though 62 of them appeared in Arabidopsis expressed sequenced tags (ESTs). About 40% of the selected clones were novel, validating the present approach for gene discovery. Northern blot analysis of 22 randomly selected clones confirmed that most were expressed preferentially in inflorescence tissues. In addition, many clones were transcribed at relatively low levels. We demonstrate that the screening method of the present study is useful for systematic classification of cDNA species based on expression specificity.
Introduction
Molecular examination of the processes essential for plant development and metabolism is important in order to understand plant development and to be able to manipulate plants for agronomic improvement. For this purpose, individual genes and the functional relationship between these genes must be identified. 1 Recently, the field of plant molecular genetics has been rapidly developing. In some plant species such as Arabidopsis, various genes have been cloned from mutants based on their map positions. 2 ' 3 Gene tagging is another method of cloning genes from the mutant phenotype, and is more feasible because the inserted DNA causing a mutation tags the gene of interest. However, these methods are only applicable when the mutant phenotypes are easily recognized.
Considerable progress has been made in the Arabidopsis genome project and a large amount of sequence data is Communicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-743-72-5561, Fax. +81-743-72-5569, E-mail: kouchi@bs.aistnara.ac.jp rapidly accumulating. 4 ' 5 Sequence databases are helpful in finding new genes although it is still necessary to analyze the function of genes individually. Arabidopsis EST projects also have been carried out, and the number of known ESTs is increasing. 6 
"
8 These tags are derived from transcribed mRNAs and are valuable in finding genes and in constructing a transcript map of the genome. However, this method tends to preferentially isolate genes expressed at high levels and it is very difficult to tag the rarely expressed genes.
Differential screening is a widely used and relatively simple technique. In this procedure cDNA clones which are present in one cell type are distinguished from those which are rare or absent in another cell type. This tends to identify clones derived from relatively high abundance mRNAs. To isolate low abundance transcripts, approaches such as subtractive hybridization, cold-plaque screening and equalized cDNA library are applicable. 9 " 13 An equalized cDNA library contains nearly equal amounts of cDNA clones derived from each gene expressed, therefore it can be used as a catalogue of all cDNA species. 11 " 13 In conjunction with cDNA sub-Systematic Differential Screening in Arabidopsis [Vol. 6, traction or differential hybridization, an equalized cDNA library allows the cloning of rare mRNAs that are differentially expressed. When plants flower, the shoot apical meristem switches from vegetative to reproductive inflorescence meristem.
14 " 17 This transition is caused by changes in gene regulation and differences in gene expression. Identification of genes that are differentially expressed during phase transition may aid in elucidating the genetic mechanisms of flowering.
In this study, we constructed and evaluated an equalized library from the shoot apices in Arabidopsis inflorescence. Genes that are expressed at very low levels especially in the inflorescence but not in the vegetative tissues were isolated by differential hybridization. Our approach of combining an equalized cDNA library with differential screening allows the systematic isolation of novel genes in the inflorescence.
Materials and Methods

Plant materials
Arabidopsis thaliana L. (Columbia ecotype) plants were grown in soil in a growth chamber at 22° C under long-day growth conditions (16 hr light/8 hr dark) for about 5 weeks after germination. Inflorescence shoot apices containing the inflorescence meristem, floral meristem and flower tissue before stage 5 of Arabidopsis were harvested to extract RNA for cDNA library construction. At stage 5, petal and stamen primodia initiate according to the stages of flower development described by Smyth et al. 18 For RNA gel blot analysis, various tissues were harvested separately from 5-week-old plants; inflorescence stems, rosette leaves, shoot apices with flower primordia before stage 5 of flower development, and fully developed flowers.
RNA Preparation and construction of cDNA li-
braries Total RNA was extracted by the acid guanidinium thiocyanate-phenol-chloroform extraction method using ISOGEN (Nippon Gene, Tokyo). 19 Poly(A)+RNA was purified using Oligotex™-dT30 Super (TaKaRa, Kyoto) and cDNA was synthesized with cDNA Synthesis Plus (Amersham, Cleveland).
The equalization of cDNA and library construction were carried out according to the previously described method. 22 - 23 A cDNA library, the Inflorescence Straight (IS) cDNA library, was constructed from cDNA before the equalization step. An equalized cDNA library constructed after three cycles of equalization was named the Inflorescence Equalized (IE) cDNA library. A total of 10080 clones from the equalized cDNA library were stored in 96-well microtiter plates. 1  7  13  19  25  31   2  8  14  20  26  32   3  9  15  21  27  33   4  10  16  22  28  34   5  11  17  23  29  35   6  12  18  24 
Differential screening
Using a high density replication tool, BIOMEK1000 (Beckman, California), 3456 (36x96) clones from 36 titer plates can be spotted in order on a 8 x 11 cm filter as shown Fig. la . In this experiment, position 35 was used for pBluescriptll vector as a negative control, position 36 was X50, a gene for the chicken nuclear receptor was used to give a regular signal as a position marker kindly provided by K. Umesono (Kyoto University). Consequently, 3264 (34 x 96) cDNA clones from 34 plates were spotted on a filter. For the initial screening, 3 sets of duplicated membranes were prepared from 34 titer plates. Each duplicate was hybridized with IS, VS, or VE 32 P-labeled cDNA fragment pools as probes and a trace amount of X50 probe. Colony hybridization was carried out in Church hybridization solution. 22 Colonies that showed no signal for any of the three cDNA probes were subjected to repeated colony blot analysis. Colonies were also hybridized with 
2-4-Sequence analysis
The nucleotide sequences of the 5' end of cDNAs were determined unidirectionally and converted to three possible frames. BLASTX (Ver. 1.4) analysis provided by NCBI compared all three amino acid sequences with nonredundant protein data bases. 23 If the BLASTX score between a deduced amino acid sequence and a known sequence was greater than 100, the sequences were considered significantly homologous. The nucleotide sequences were also compared to non-redundant nucleotide sequences by BLASTN.
RNA gel blot analysis
Total RNA and poly(A) + RNA were purified as described above. Poly(A) + RNA (2 //g/lane) was electrophoresed on a 1.0% formaldehyde/agarose gel and transferred to a nylon membrane (HybondN, Amersham, Cleveland). RNA gel blot analysis with cDNA probes was carried out according to standard procedures. 24 To show equal loading of poly(A) + RNA, a ubiquitin (UBQ5) probe was used for hybridization. 
Results and Discussion
Construction of an equalized cDNA library from
the shoot apices of Arabidopsis inflorescence To handle cDNA clones systematically and with limited effort, an equalized cDNA library that contains all expressed genes in equal ratios is an ideal source. In previous works, we have synthesized vegetative straight (VS) cDNA and vegetative equalized (VE) cDNA from the Arabidopsis vegetative tissues. 20 ' 21 In this study, we constructed an Inflorescence Straight (IS) cDNA library and an Inflorescence Equalized (IE) cDNA library from the Arabidopsis inflorescence apex as described in the Materials and Methods. These libraries were then evaluated by sequence analysis. Thirty-six randomly selected clones were sequenced for approximately 300 bp from the 5' end of the cDNA. The three possible amino acid sequences deduced from the nucleotide sequences were subjected to a homology search. The results are summarized in Table 1 .
There was only one redundant clone, ribosomal protein L18, in the 36 sequences randomly selected from the IS cDNA library. The degree of redundancy in the IS cDNA library was lower than that in the vegetative straight (VS) cDNA library where relatively high redundancy was observed in genes for photosynthesis such as rbcS for ribulose bisphosphate carboxylase/oxygenase and cab for chlorophyll a/b binding proteins. 20 Most likely, a greater variety of genes is expressed in shoot apical tissues than a) Name of proteins with which homology was detected; b) the organism in which similarity was found; c) BLAST score; d) database source (Databases are abbreviated as sp, pir and gp for SwissPlot, PIR and Genbank Protein, respectively.); e) accession number. The clones which showed no significant homologies with known genes axe included in 'unknown' and the total number is in parentheses. An asterisk indicates the clone to be 'identical' to the Arabidopsis gene.
in vegetative tissues. However, the IS cDNA library still tends to contain more clones for housekeeping genes, i.e., 5 genes for ribosomal proteins and 2 genes for elongation factors in 36 clones.
On the other hand, no redundant clones were present, and the preferential presence of housekeeping genes was not observed among the 36 sequences selected from the IE cDNA library. Consequently, the ratio of unknown genes in the library is higher in the IE cDNA library (25 genes, 70%) than in the IS cDNA library (19 genes, 53%). This shows that the equalized cDNA library is suitable for efficient gene isolation and gene discovery. An outline of the screening procedure to isolate genes preferentially expressed in inflorescence shoot apices at low levels is shown. Clones without signals were isolated in additional steps. The number of clones eliminated at each screening step is also summarized.
is estimated to vary from 16000 to 33000. l Although it is difficult to estimate the number of genes expressed in a particular tissue, most of the genes expressed in the inflorescence are presumably included in the 10080 clones in the IE library if the clones were nearly random.
Selection of clones expressed specifically in inflo-
rescence at low mRNA levels To efficiently identify genes in Arabidopsis that encode proteins expressed preferentially in inflorescence apices, we developed a new strategy that includes differential screening of an equalized cDNA library using equalized cDNA fragment pools as probes. In an initial effort, 3264 clones of the IE cDNA library were screened. The steps of the screening strategy are as follows and are outlined in Fig. 2 . Firstly, differential hybridizations were carried out: 1) elimination of clones also expressed in vegetative tissues. To eliminate genes that are expressed abundantly in vegetative tissues, all clones that were detected by the VS cDNA probes were eliminated. 2) elimination of clones expressed abundantly in inflorescence shoot apex. With IS cDNAs as probes, genes that are expressed abundantly in inflorescence shoot apex can be recognized effectively (Hyodo et al., in preparation) and eliminated. 3) elimination of clones that are probably expressed at certain levels in all tissues. Genes that are expressed at low or intermediate levels in vegetative tissues and presumably in all tissues can be recognized by VE cDNA fragment probes. Clones for such genes were eliminated.
Additionally, two kinds of selections were performed to eliminate clones with small insert DNA. Since clones with smaller inserts can potentially be selected by our screening process, we eliminated clones lacking insert by color selection for lacZ activity, and eliminated clones with smaller inserts (< 400 bp) by colony PCR. Furthermore, we tried to eliminate 'peculiar' clones. During cDNA library construction, we included PCR reaction. To remove clones containing DNA inserts that were artificially amplified by PCR, we performed colony hybridization with oligo(dT) nucleotide to confirm that clones were derived from mRNA. Steps from 1) to 3) of the differential hybridization had to be repeated after elimination of clones with signals, since signals obtained by 32 P-labeled probes were too diffuse to be read in positions flanked by strong signals.
Differential screening was carried out on 3264 colonies in the IE cDNA library as mentioned above and shown in Fig. 2 . As a result of the first screening, approximately 80% (2564 clones) of the recombinant colonies gave no signal with the labeled cDNAs from all three libraries, thus were further characterized. In the second screening, 25% (653 clones) of these clones were eliminated by differential hybridization. Furthermore 19% (491 clones) and 13% (128 clones) were excluded on the basis of lacZ activity and insert DNA size, respectively. The remaining 1091 clones were then screened. None of these clones hybridized with the VS and VE cDNA probes, but 63% (688 clones) still hybridized with the IS cDNA pools. In addition, hybridization with oligo(dT) probe showed that 2% (19 clones) were 'peculiar' clones, probably lacking a poly(A) stretch. Finally, 12% (384 clones) of 3264 clones in the IE cDNA library were selected as candidates for clones expressed at low levels specifically in the inflorescence apex.
Sequence analysis of the selected 384 clones
To characterize the 384 selected clones, we determined their partial nucleotide sequences from the 5' end. Comparison of the sequences with one another revealed that 20 clones were redundant. Seventeen of these clones were entirely identical to each other, probably due to PCR amplification of one cDNA sequence during the equalizing steps. In contrast, three redundant clones appeared to be derived from different cDNA molecules since they contained fragments of different lengths. Such redundancy seems to be inevitable even in an equalized cDNA library, considering statistical randomness. These results suggest that this IE cDNA library was saturated and probably fully representative of the cDNA species expressed.
Comparison of the deduced amino acid sequences of the 384 selected clones against a protein database, 45% (173 clones) were found to be significantly homologous to known genes (Table 3 ). These 173 clones were classified into two groups, 'identical' or 'homologous'. The amino acid sequences of 53 clones (14%) were nearly 'identical' to those of previously identified Arabidopsis genes. On the other hand, 120 clones (31%) were 'homologous' to but not identical to the known genes. Thirty-two clones out of these 120 were similar to genes reported in Arabidopsis, whereas 34 and 54 clones were homologous to genes in other plants and non-plant organisms, respectively.
Of the selected 384 clones, 55% (211 clones) showed no significant similarities with any known genes. The DNA sequences of 62 clones were found to be nearly identical to known Arabidopsis ESTs. The number of novel clones was 149, indicating that the IE cDNA library is a good source to discover novel genes and new ESTs. Most ESTs currently listed in databases correspond to abundantly expressed genes. Less than one-third of the 'unknown' clones in present study appeared to be identical with reported ESTs, suggesting that our equalized cDNA library efficiently cloned rarely transcribed genes.
The functions of several 'identical' genes have been already elucidated and a number of these genes do not appear to be required for inflorescence development or for housekeeping. For example, the COP9 gene (3-80) is involved in photomorphogenesis 26 and the AGO1 gene (8-22) plays a role in leaf development, 27 etc. (Table 3 ). Some 'identical' genes such as AGL3 (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 28 were reported to be expressed mainly in the flower, though others have not been described as tissue-specific genes. In addition, several 'homologous' genes are reportedly involved in common metabolic pathways. These observations indicate that some of the selected clones contained genes that were expected to be eliminated. This may be partly because we simply identified differences in the gene expression between the vegetative tissues and those in the inflorescence tissues. If a variety of cDNA probes were applied, it would have been possible to eliminate such unexpected clones and to categorize the cDNAs more precisely.
Clones were also selected that contained genes functioning in the cell cycle, signal transduction, or gene regulation. Although it is not clear that these genes are exclusively inflorescence-specific, there is a possibility that they have certain functions in the inflorescence meristem. In any case, it is necessary to further analyze individual clones to determine their function.
RNA gel blot hybridization analysis of the selected
genes To determine whether the selected clones were expressed at low levels specifically in the inflorescence, we analyzed the expression patterns of the 22 clones picked up randomly by RNA gel blot hybridization. Since the expression levels of those clones were expected to be low, RNA gel blot hybridization analysis was carried out on poly(A) + RNA purified from apices, flowers, stems and leaves. As a result, signals were detected for 18 clones, whereas no signal was observed for 4 clones. Therefore, RT-PCR analysis was carried out on the four clones that showed no signal (data not shown).
A few examples of the various patterns of expression are presented in Fig. 3(a) and results of both Northern and RT-PCR analysis are summarized in Fig. 3(b) . Nine out of 22 clones including 1-8 (Unknown) and 4-9 (RAD23), were found to be expressed in both bud and flower, but not in stem and leaf. Ten clones including 1-26 (Phosphoprotein phosphatase) and 2-79 (Nucleic acid binding protein), showed signals in nearly all tissues, but the signals in bud and flower tended to be stronger than signals in the other two tissues. In contrast, only three clones appeared to be expressed equally in all tissues (data not shown).
This experiment demonstrated that most clones seemed to be expressed primarily in the bud and flower. In addition, it was suggested that the expression levels of these clones were low or intermediate, because the signals were either comparatively weak or not detected by RNA gel blot hybridization to poly(A)+RNA. While only a portion of the selected clones was analyzed, the results may indicate that the clones were transcribed preferentially in the bud and flower at relatively low levels, as was expected.
Concluding remarks
In this study, we tried to classify genes according to both tissue specificity and level of expressions by subtractive differential hybridization of an equalized cDNA library. We first evaluated an equalized cDNA library, IE cDNA library, constructed from Arabidopsis inflorescence tissues. The results demonstrated that the IE cDNA library was normalized and apparently representative of the genes. Then we carried out screenings for rarely transcribed genes which are specifically expressed in inflorescence tissues. As a result, 384 clones were selected from the 3264 clones in the IE cDNA library. Sequence analysis of these clones showed that about 40% of the clones were novel, demonstrating that this library was useful for isolating new genes. Northern analysis of 22 randomly se- ACOOO132  23O2389C  A32729  L19352  U27O99  Z17618  Z26704  X83371  S57793  L43125  P29197  Z97336  Z97336  P28493  A54842  Z97336  Z17775  Z31589  AC000132  ART223508  U01103  P34795  P34795  Z26704  U96924  Z17756  U14174  P28769  S58282  U02949  Z49268  S49031  U72241  Z97344  U91995  ATCKD  Z26704  AB004798   U75205  X98925  S47106  M98340  Z97335  Z28692  S46441  Z17733  U74610  AF000147  Z97337  PI6972  Z97337  AT007270   Ace. No.'  L27224  D38125  Z97340  Y09562  Z97340  Y09562  S59544  U78721  Z17991  Z17991  M96073  Z18O55  P33543  DZ49777  L76926  AF007269  Y09418  DZ49777  L8112O  U1S410  AF007296  Z97343  U02495  A53467  U48938  Z97337  Z97344  P37702  Z97341  D30622  Z97341 lected clones indicated that 19 were expressed mainly at the inflorescence at relatively low levels as we expected. To understand complex developmental pathways, it is important to identify the entire set of genes involved in systems such as the transition from vegetative development to reproductive development in flowering. The differences in systematic gene expression between these two developmental phases are of interest. The methods described in the present study allow the identification of hundreds of differentially expressed genes between the vegetative and inflorescence tissues in only a few experiments.
A large amounts of data from Arabidopsis genome projects is rapidly accumulating in databases. While some clones of the selected 384 were detected in the present genome databases, in the future all genes will be included in the database. This increasing volume of data provides more information about the genome, but functional genomics are required. The method reported in the present paper is easily applicable to microarray technology for fine expression analysis. Systematic expression studies should help to provide a better understanding of development and differentiation in Arabidopsis inflorescence.
